ABSTRACT Extensive changes in plant transcriptome and metabolome have been observed by numerous research groups after transferring plants from optimal conditions to sulfur (S) deficiency. Despite intensive studies and recent important achievements, like identification of SLIM1/EIL3 as a major transcriptional regulator of the response to S-deficiency, many questions concerning other elements of the regulatory network remain unanswered. Investigations of genes with expression regulated by S-deficiency stress encoding proteins of unknown function might help to clarify these problems. This study is focused on the UP9C gene and the UP9-like family in tobacco. Homologs of these genes exist in other plant species, including a family of four genes of unknown function in Arabidopsis thaliana (LSU1-4), of which two were reported as strongly induced by S-deficit and to a lesser extent by salt stress and nitrate limitation. Conservation of the predicted structural features, such as coiled coil region or nuclear localization signal, suggests that these proteins might have important functions possibly mediated by interactions with other proteins. Analysis of transgenic tobacco plants with silenced expression of UP9-like genes strongly argues for their significant role in regulation of plant response to S-deficit. Although our study shows that the UP9-like proteins are important components of such response and they might be also required during other stresses, their molecular functions remain a mystery.
INTRODUCTION
Several factors, including decreased atmospheric pollution with industrial gases, reduction of sulfur (S) content in fuel, and use of fertilizers rich in nitrogen (N) and phosphorus (P) but free from S, resulted in S becoming in many geographical regions the major limiting factor in plant production (Schnug et al., 2004) . The importance of a sufficient supply of S for appropriate development and performance of various crops (Haneklaus et al., 2005; Scherer, 2001) and for food quality (Muttucumaru et al., 2006) has gradually become evident. Regulation of gene expression in response to S source depletion is an important aspect of S metabolism in plants. For several plant species, including maize (Petrucco et al., 1996) , spinach (Prosser et al., 2001) , tobacco (Migge et al., 2000) , and duckweed (Kopriva et al., 2002) , research in this field concentrated on a limited number of genes with known metabolic or enzymatic functions. Such an approach was helpful in demonstrating the linkage between the S, P, and N nutrition, but was not sufficient to identify the regulatory circuits involved in plant response to S nutrition status. Most of the high-throughput transcriptome analyses were performed in Arabidopsis thaliana using micro-and macroarrays. The authors noticed and discussed a cross-talk between various pathways induced by S-deficiency, including auxin and jasmonate biosynthesis pathways (Hirai et al., 2003; Nikiforova et al., 2003) , activation of defense response through oxidative stress (MaruyamaNakashita et al., 2003) , and involvement of O-acetyl-L-serine (OAS) as a general regulator for global gene expression under sulfur-nutrition stress (Hirai et al., 2003) . A transcriptional regulator of plant sulfur response and metabolism, SLIM1/EIL3 that belongs to the EIL family, has been identified in A. thaliana (Maruyama-Nakashita et al., 2006) . Mutants with impaired functionofSLIM1notonlyhavepleiotropiceffectsontranscription of many genes regulated by S-deficit, but they also have changed level of relevant primary and secondary metabolites, including cysteine, glutathione, OAS, methionine, and glucosinolates.
It is generally accepted that adjusting plant metabolism to the conditions of S-deficit is a complex process involving a network of factors, such as transcriptional and posttranscriptional regulators, miRNA, and signaling molecules (for a recent review, see Lewandowska and Sirko (2008) ). The list of known factors influencing response to S-deficit is still too incomplete to explain all aspects of plant response to it. There must be several other (not yet identified) transcriptional or posttranscriptional regulators involved in this process. We could expect to find such regulators among proteins with known function but previously not associated with response to S-deficit, as well as among proteins with unknown functions. For example, Kasajima and co-workers (2007) reported that the expression of some S-deficiency-responsive genes, such as sulfate transporter (SULTR2;2) and adenosine-5#-phosphosulfate reductase 1 (APR1) was up-regulated in the normal conditions in the A. thaliana mutants with impaired function of BIG gene. The detailed role of BIG is unknown; however, the protein was previously recognized as being involved in such processes as lightsignaling pathway, auxin transport, cytokinin, and ethylene sensitivity, giberellin signaling (Kanyuka et al., 2003; LopezBucio et al., 2005; Sponsel et al., 1997) and no reports about its role in S-deficiency response had been published before. The second example might be a cyclophilin CYP20-3 (also known as 'ROC4') and its recently proposed role in regulatory mechanism linking cysteine biosynthesis to light, redox, and stress. The interaction of CYP20-3 with the chloroplast izoform of serine acetyltransferase (SAT) appeared to be required for a fully functional enzyme and for normal accumulation of thiol compounds in response to stress (Dominguez-Solis et al., 2008) .
On the other hand, genes encoding proteins of unknown function, although reported in various studies as strongly regulated during S-deficit at the transcription level in Arabidopsis and other plant species, have not been further investigated. Several such genes were found among Nicotiana tabacum genes previously identified in our laboratory as regulated during short-term S-deficit . The UP9A and UP9C genes, which belong to this group, are up-regulated in all plant organs in response to S-deficit . The major aims of this study were (1) preliminary characterization of UP9C protein, its sub-cellular localization in plants, and identification of its protein partners, and (2) examination of the effects of UP9C silencing in transgenic tobacco plants grown in optimal and S-deficient conditions.
RESULTS

A UP9-Like Family Exists in Tobacco and in Other Plant Species
The UP9 gene has been identified in our laboratory as strongly up-regulated at the level of transcription during early stages of S-starvation . Further studies revealed that, in fact, two types of sequences, UP9A and UP9C, corresponded to a gene previously denoted by us as UP9 . After database searches using a coding region of UP9C, it was possible to identify multiple tobacco UP9-like ESTs that could be grouped into six clusters according to the sequence of their coding regions. Organization of these genes within the tobacco genome and their expression is obscure, in contrast to A. thaliana, where it is clear that four UP9-like genes are located in pairs of the direct neighbors on two chromosomes (III and V). The A. thaliana genes were recently named LSU1-LSU4 (Low Sulfur Upregulated) and, according to the GENEVESTIGATOR database (Zimmermann et al., 2004) , at least two of them, LSU1 (At3g49580) and LSU2 (At5g24660), are strongly expressed under S-deprivation (4.3-and 13.6-fold up-regulation, respectively). Families of UP9-like genes exist also in other plant species, such as rice, poplar, tomato, and potato.
Multiple sequence alignment of the UP9-like proteins from A. thaliana (four members) and tobacco (six members) are shown in Figure 1A . Computer analyses of the secondary structure of UP9-like proteins using GOR4 program predicted the extensive regions being in a form of a-helix. The predicted structure was experimentally verified by us by monitoring of the circular dichroism (CD) spectra of the recombinant UP9C produced in Escherichia coli cells ( Figure  1B ). The observed curve was characterized by two well resolved minima at 209 and 220 nm with molar ellipticity of -25 900 and -25 800 (deg cm 2 dmol À1 ), respectively. Such form of CD spectra indicated that the UP9C protein is almost fully a-helical (Yang et al., 1986) . The de-convolution procedure, performed by the K2d program (Andrade et al., 1993) , confirmed that the dominant contributions to the CD spectrum came from a-helical (;0.82) and random coil (;0.17) conformations. The contributions from extended b secondary structures were extremely small. The MULTICOIL program assigned the coiled coil region between residues 24 and 63 of UP9C as two-stranded, which suggested that this region might be involved in dimerization of the protein. In fact, the UP9C-UP9C homodimers formation was observed in the yeast two-hybrid experiment . Moreover, formation of mixed heterodimers consisting of UP9C from N. tabacum and the product of LSU1 (At3g49580) gene from A. thaliana was also observed in the yeast two-hybrid system (not shown).
The potential bipartite nuclear localization signal was found using the MOTIFSCAN program in the region of residues 16-33 of UP9C. Accordingly, the PSORT program predicted nuclear or cytosol-nuclear localization of this protein. The predicted subcellular localization of UP9C protein was experimentally verified by us in transgenic tobacco seedlings, where the nuclear location of the UP9C-EYFP fusion protein was observed (Figure 2 ). It is necessary to mention that the UP9C-EYFP protein was found in the nucleus independently of the S-nutrition status of the plant material (not shown).
Identification of Tobacco Proteins Interacting with UP9C
No clue about the potential role of UP9-like proteins could be found in the literature. Therefore, in search of a function of the UP9-like proteins, we decided to identify the protein partners of UP9C using the yeast two-hybrid system and the respective cDNA library prepared from N. tabacum grown for 2 d in S-deficient conditions. The screen resulted in identification of 17 independent clones submitted (GB#: GU066878-GU066894). The relative large number of clones and a huge variety of identified proteins were not surprising because of the helical structure of UP9C; however, it is necessary to verify whether all detected interactions take place in plants. Most of the identified clones encode proteins of unknown function (A) All tobacco UP9-like ESTs identified after a database similarity search with a coding region of UP9C were grouped into six clusters (arbitrary denoted UP9A-F) according to the sequence of their coding regions: UP9A (GB# DQ444223, DV999485, FG623584, BP535499), UP9B (GB# BP533592, FG638291, FG637038), UP9C (GB# AY547446, FG641107, EB445189), UP9D (GB# FG636997), UP9E (GB# BP531586, EB430507), UP9F (GB# BY31337). The alignment of six open reading frames deduced from each of the tobacco EST group and of four homologs from A. thaliana (NP_190527, NP_190526, NP_197854, and NP_56450) was performed using the MAFFT. The asterisks above the sequences indicate residues identical in six tobacco proteins, while the asterisks below the sequences indicate the residues identical in all aligned proteins. The stripped bar above alignment shows the alpha-helical region predicted by GOR4 and its filled part indicates a two-stranded coiled coil detected by MULTICOIL. (B) The mean values of three independent measurements with SD-indicated molar ellipticity (deg cm 2 dmol À1 ) of 64 lM UP9C protein in a light spectrum between 190 and 250 nm are shown. but some are recognized as coding for described proteins, such as transcription factors AP2-like (GB# GU066884), jasmonate ZIM-domain protein 1 (JAZ1) involved in biosynthesis of jasmonic acid (GB# GU066894), and ACC oxidase involved in ethylene biosynthesis (GB# GU066878 and GU066879). A proved nuclear location of UP9C is in an agreement with identification of numerous clones encoding proteins with a possible localization in the nucleus, such as GB# GU066880, GU066884, GU066888, and GU066894. On the other hand, ability of UP9C to interact with proteins of a possible non-nuclear location might suggest a probable function of UP9C also in the other cellular compartments. Detection of the UP9C-EYFP fusion inside the nucleus does not exclude its presence in the other compartments, particularly in the cytosol, because the UP9C localization might depend on multiple factors, such as posttranslational modifications and interaction with other proteins.
Effects of Constitutive Ectopic Overexpression of the UP9C Gene in Antisense Orientation
The binary plasmid pAB3 enabling overexpression of UP9C in antisense orientation was used for generation of the transgenic tobacco lines with down-regulated expression of UP9C. The T 1 progeny of two independently obtained 'antisense' AB3 lines (AB3-8 and AB3-9) were used in most experiments, although some results were additionally confirmed in other antisense lines, such as AB3-1, AB3-3, AB3-6, and AB3-12.
To verify the effects of antisense expression of UP9C, the level of mRNA corresponding to the four closest homologs (UP9A-UP9D) was monitored in mature leaves of the parental line and the transgenic lines AB3-8 and AB3-9 grown in S-sufficient and S-deficient conditions ( Figure 3 ). The expression of both UP9C and UP9A was apparently silenced in both transgenic lines, while the silencing of two other UP9 family members encoding UP9B and UP9D was much more effective in AB3-9 than in AB3-8.
It has been shown previously that growth in S-deficient medium results in reduction of non-protein thiols in most plant organs (Nikiforova et al., 2003; Wawrzynska et al., 2005) . The primers used in semiquantitative RT-PCR (sqRT-PCR) were designated to the non-coding sequences of the indicated EST clones and they are listed in Table 2 . The GB#, the name of the protein cluster, and the number of cycles are marked next to the corresponding expression profile; wt, the parental line (LA Burley 21).
Interestingly, silencing of the UP9-like genes affects thiols level in mature leaves and roots of AB3 lines but rather not in young leaves ( Figure 4A ). The level of total glutathione in mature leaves of AB3 lines grown in S-sufficient conditions was slightly lower than that of the parental line (88 and 85% for AB3-8 and AB3-9, respectively) but, more spectacularly, in AB3 lines grown in S-deficient conditions, thiols remained on the same level (or were even slightly increased) as compared to S-sufficient conditions. This apparent lack of response to S limitation in the mature leaves of AB3 lines (confirmed in several other independent AB3 lines; results not shown) was in a contrast to the reduction of thiols in the mature leaves of the parental line grown in S-deficient conditions. Glutathione measurements in the roots revealed further significant differences between AB3 lines and the parental line. In the roots of AB3-8 grown in Ssufficient conditions, glutathione level was as in the parental line, while in S-deficient conditions, it was very low and similar to that in AB3-9 (27% of that in the parental line; Figure 4A ).
The level of total S monitored in the parental line and the more efficiently 'silenced' line, AB3-9, revealed more statistically significant differences ( Figure 4B ). The level of total S in AB3-9 grown in S-sufficiency was lower than in the parental line and it was not reduced (in the leaves) or reduced to a low extent (in the roots) by S limitation. In the leaves of AB3-9, about 88 and 110% of S present in the leaves of the parental line in S-sufficient and S-deficient conditions, respectively, was found. The reduction of S content in the roots of AB3-9 in comparison to the parental line was more spectacular than in the leaves (76 and 89% in S-sufficient and S-deficient conditions, respectively).
The observed biochemical discrepancy had rather a small influence on the performance of AB3 plants in non-stressing conditions, since, during vegetative growth in optimal, Ssufficient conditions, the transgenic plants looked rather similar to the parental line. Further experiments revealed that the roots of the seedlings of AB3 lines grown in S-deficient conditions were significantly shorter than those of the control line ( Figure 5 ).
Misregulation of UP9-Like Genes Affects Expression of Other Genes
Expression of the two genes known to respond to S-deficit and encoding crucial enzymes of sulfate assimilation, ST encoding group 1 sulfate transporter (GB# AJ745720) and APR (GB# AY648056) encoding APS reductase, was tested in the parental and AB3 plants grown in S-sufficient and S-deficient medium ( Figure 6A and 6B). The analyses were limited to mature leaves of the tested plants, because the most spectacular changes in non-protein thiol levels had been observed in these parts of the plants (see Figure 4A ). Both tested genes responded to Plants were grown in the optimal AB medium (nS) or for 2 d in Sdeficient conditions in the AB-S medium (-S). The statistically significant differences between the transformants and the parental line (wt) grown in the same conditions are marked with either a single (for p , 0.05) or double (for p , 0.01) asterisks. (A) The material was combined from five plants for each analyzed group; the mean data from five independent extractions with standard deviations (SD) are shown. (B) The material was combined from five plants for each analyzed group; the mean of three assays with SD values are shown. The average data (with SD indicated) were calculated from 30-50 measured seedlings, depending on the line. The statistically significant (p , 0.05) differences between the transformants and the control (CNTR) are marked with asterisks. Similar results were obtained for two control lines, parental line (not shown), and a tobacco line transformed with GFP expression cassette (CNTR).
S-deficit in all lines. However, in both AB3 lines, the level of ST transcript was about two-fold lower as compared to the parental line in S-deficient condition. In contrast, the level of APR transcript was about 1.5-2-fold more abundant in AB3 lines than in the parental line in S-deficient conditions. Some of the UP9C interacting partners identified during yeast two-hybrid search were related to the action and synthesis of plant hormones. Besides, plant hormones might be involved in mediating the root growth phenotype of AB3 seedlings in S-deficient medium (see Figure 5 ). To further investigate the problem of influence of misregulation of the UP9-like genes on the level of plant hormones, the expression of genes known to respond to ethylene (ET) and jasmonic acid (JA) was monitored. The following genes were selected: PR1a (GB# D90196) and PR1b (GB# X66942) coding for pathogenesis-related acidic and basic proteins, respectively, and ERF1 (GB# D38123) encoding the ethylene-responsive transcription factor 1. The levels of expression of these genes in optimal conditions and after treatment for 2 d with S-deficiency are shown in Figure 6C -6E. All three genes were induced in the parental line during S-starvation, while in the antisense lines, they were usually down-regulated in S-deficient conditions. On the other hand, in the S-sufficient conditions, significantly raised expression of PR1a and PR1b in both AB3 lines and ERF1 in AB3-8 line in comparison to the parental line was observed.
Since ethylene production is connected with the synthesis of polyamines, which are involved in response to environmental stresses, the expression of genes encoding proteins related with polyamine synthesis, such as S-adenosylmethionine synthetase (SAMS, GB# AY445582), S-adenosylmethionine decarboxylase (SAMDC, GB# U91924), ornithine decarboxylase (ODC, GB# AF127242), and arginine decarboxylase (ADC, GB# AF321137), was also monitored. The level of expression of SAMS, SAMDC, and ADC in both AB3 lines remained similar to that of the parental line (not shown), while the expression of ODC in S-deficient conditions was strongly altered (reduced) In all real time RT-PCR (qRT-PCR) reactions, both Tac9 and UBQ2 served as references, except for the qRT-PCR shown in (A), in which only Tac9 was used as a reference gene. nS, optimal conditions; -S, 2 d of S-deficit. Each experiment was performed at least two times in triplicate using two independently isolated RNA templates, with similar results. The presented data are from one representative experiment performed in triplicate with SD indicated.
in both AB3 lines ( Figure 6F ). The observed pattern of ODC expression might suggest that in the parental line, the level of polyamines would raise in the S-deficient conditions, while in the AB3 lines, such an increase would not take place.
Metabolite Profiles in Antisense Tobacco Transformants
The profile of polar metabolites was examined in the mature leaves of AB3-8, AB3-9, and parental line grown in S-deficient and optimal conditions. Initial data used for analysis included 559 peaks of metabolites detected in the measured samples. Among these peaks, only about 10% were identified as annotated compounds. Comparison of the data for the parental line grown in the optimal conditions and the parental line grown in S-deficiency allowed identification of metabolites that had significantly different levels in these two conditions of growth. Depending on the selected borderline significance (p-value), the number of peaks regulated by S-deficiency in the parental line was different and reached 27 for p , 0.05, 47 for p , 0.1, and 105 for p , 0.2. The largest set of regulated metabolites (66 up-and 39 down-regulated in S-deficient medium) was chosen for the subsequent factorial analysis, which revealed that both AB3 lines (particularly AB3-9) independently from growth conditions have a tendency to cluster rather with the wild-type plants grown in S-sufficient conditions than with the wild-type plants grown in S-deficient conditions (Figure 7 ). This observation might suggest that AB3 lines have problems with adjusting their metabolism to the conditions of S-deficiency. Comparison of the regulation of the selected set of the metabolites in the parental line and the AB3 lines is shown in Table 1 . It is shown as an X-fold ratio of the metabolite level in S-deficiency versus its level in optimal conditions of the same line. A list of peaks representing metabolites apparently upregulated during S-deficit in a 'UP9-dependent way' includes glutamine, lysine, threonine, asparagine, spermidine, serine, citric, aspartic, and malic acids. Unfortunately, huge differences between replicas hindered more sophisticated analysis of the metabolite data. This variation might result from technical problems with preparation of the plant tissues for the assay.
DISCUSSION
In our earlier studies, two UP9-like genes (GB# AY547446 and DQ444223) were identified as up-regulated by S-deficit Wawrzynska et al., 2005) . Due to the amphidiploid nature of N. tabacum, we suspected that they corresponded to genes located on the matching chromosomes of the genome S and T (Volkov et al., 1999) . However, they can also be genes from different chromosomal loci on one genome. Subsequent analysis has shown that at least six distinct UP9-like proteins exist in N. tabacum (Figure 1 ) and that other UP9-like genes might be also up-regulated in S-deficient conditions (Figure 3 ). The differences in the sequences outside coding regions of the EST clones classified into one cluster indicate that either they represent separate genes (despite encoding the identical proteins) or that there exist differences between the cultivars in the non-coding sequences of individual UP9-like counterparts. In A. thaliana, there are four genes (LSU1-LSU4) encoding homologs of UP9. They are organized in two tandems located in two genome positions, one on chromosome III (3 kb apart) and the second on chromosome V (2.5 kb apart). Two of these genes (the upstream genes of each tandem) were reported as strongly up-regulated by S-deficit (Maruyama-Nakashita et al., 2005; Nikiforova et al., 2005) and the regulation of at least one of them (LSU1, At3g49580) is dependent on SLIM1 (Maruyama-Nakashita et al., 2006) .
The predicted structure of UP9-like proteins is largely in the form of coiled coils. The proteins containing such motifs can form multiple interactions and fulfill a variety of functions due to their ability to undergo dynamic rearrangements (Parry et al., 2008) . The UP9-like proteins can form dimers . Most probably, the interaction is mediated through the coiled coil region; however, solution characterization and crystallographic studies might be necessary to establish the factual three-dimensional structure and verify the localization of the oligomerization domains. Moreover, in the yeast two-hybrid experiment performed in our laboratory, a range of plant proteins was identified as potential partners of UP9C. Their further analysis might help to decipher the role of UP9-like proteins.
Antisense mRNA has frequently been used in plants to lower gene expression through posttranscriptional gene silencing (Chintapakorn and Hamill, 2003; Halitschke and Baldwin, 2003; Siritunga and Sayre, 2003) . Transgenic tobacco lines obtained in our study had apparently misregulated expression of UP9-like genes. It should be noted that the expression of the entire family was not completely abolished by the antisense construct and a substantial expression of some members, particularly in AB3-8, was present ( Figure 3 ). Molecular and biochemical assays (Figures 4 and 6 ) as well as metabolite profiling ( Figure 7 and Table 1) revealed that many changes in the level of metabolites that were characteristic for plants grown in Sdeficient medium did not occur in the AB3 plants. It is necessary to mention that interpretation of metabolite data is somewhat problematical because of the incomplete peaks identification and a low statistical significance of the results (large differences between the replicas). Nevertheless, some results of metabolite profiling are in agreement with the gene expression data. For example, the level of spermidine, increased during S-deficit in the parental line but not in the AB3 lines (Table 1) , correlates very well with the expression of the ODC gene ( Figure 6F ) encoding ornithine decarboxylase that is involved in the pathway of polyamines biosynthesis. However, additional experiments using the knockout plants and multiple knockouts are needed to properly assess the function of UP9-like proteins in tobacco and/or LSU1-like proteins in Arabidopsis. The transcriptional regulator from A. thaliana, SLIM1/EIL3, was shown to affect expression of many genes regulated by Sdeficit, including LSU1 (At3g49580), one of the UP9 homologs (Maruyama-Nakashita et al., 2006) . Recent experiments performed in our laboratory revealed that a tobacco protein NtEIL2 that belongs to the same family as SLIM1 activates the promoter of UP9C gene in S-deficient conditions (Wawrzynska et al., 2009) . Therefore, some effects observed in slim1 mutants could be due to the lack of appropriate level of UP9-like regulator. UP9-like proteins seem to be a part of a regulatory network that is in charge of an adequate whole-plant response to S-deficit.
One of the striking effects of UP9 family silencing in AB3 lines is their failure to diminish the level of S-containing metabolites in mature leaves (source tissue) in response to S-deprivation (Figure 4) . A possible explanation for this phenomenon might be either a defect in a long-distance rootsto-shoots signaling of S status or a defect in adjusting the metabolism in the shoots to the conditions of S-deficit encountered by the roots. It is still uncertain how S-deficiency stress is sensed and transmitted on a long distance within plants. Usually, the ability to detect and adapt to environmental changes relies on complex molecular machinery that integrates the action of hormonal and non-hormonal signals (Chico et al., 2008; Lin et al., 2009) . Some effects observed in the 'antisense' lines might be explained if in these lines occurred problems with controlling either the level or the function of plant hormones. The expression of three arbitrary selected genes (PR1a, PR1b, and ERF1) induced by the stress hormones was reduced in AB3 lines grown in S-deficient conditions ( Figure 6 ). This result indicates that at least one of these hormones might be limiting for gene expression in AB3 lines in S-deficient conditions. On the other hand, the elevated expression of these genes in AB3 in S-sufficient conditions is difficult to explain. Perhaps, somehow, the silencing of UP9-like genes causes a stress situation both in optimal and in S-deficient conditions of growth. It is worth emphasizing that in the S-sufficient conditions, the level of thiols in the mature leaves was significantly lower in AB3 than in the parental line (Figure 4) . It means that the appropriate level (or balance) of UP9-like proteins might be needed also in the optimal (S-sufficient) conditions. This phenomenon could be further clarified only after establishing the function of individual members of the UP9-like family.
The function of UP9C and its complexes with other proteins is still elusive. We propose that UP9C, through its multiple protein-protein interactions, might be involved in precise and rapid adjustment of plant metabolism to S-deficit on multiple levels, presumably through influencing the level and/or action of plant hormones. The UP9C involvement could be either indirect, through interactions with transcription factors (JAZ1, AP2-like), or direct, through interactions with enzymes, such as ACC oxidase. Binding of UP9C might affect the stability of its partners and/or their ability to interact with other proteins. On the other hand, sub-cellular localization of UP9C and its ability to interact with other proteins can be regulated by additional factors, such as by redox potential and posttranslational modifications (phosphorylation, ubiquitination). Such modifications could also affect possible dimerization or heterodimerization with other members of the UP9-like family, whose function can be partially overlapping but also potentially dependent on a composition of a dimer. Despite additional studies being needed to assess the precise biological role of UP9-like proteins, this study shows that at least part The statistical significances of differences between the two compared groups are shown as the p-values of the t-test; n/a, not annotated, ND, impossible to determine because of low number of measurements in one or both groups.
of the specificity of response to the S-deficiency stress is provided by one or more members of the UP9-like family of proteins. In addition, it is possible to speculate that an elevated glutathione pool in mature leaves of AB3 lines grown in S-deficient conditions (accompanied by increased expression of APR) might result from the occurrence of an intracellular oxidative stress. A strong induction of APR (and SAT2.1 encoding chloroplast izoform of SAT) transcript and increased glutathione pool have been observed in the cat2 (catalase-deficient) mutant of Arabidopsis in the conditions of growth that were generating production of hydrogen peroxide (Queval et al., 2009 ).
METHODS
DNA Manipulations and Plasmid Construction
Conventional techniques were used for DNA manipulation and transformation (Sambrook et al., 1989) . All primers are listed in Table 2 . To obtain the plasmid-containing UP9C in the reverse orientation, a PCR fragment of about 350 bp was cloned into vector pRTL2 (Carrington et al., 1991) . In the resulting plasmid, the UP9C gene is under the control of the CaMV 35S promoter and terminator, in the reverse orientation, thus enabling expression of an antisense transcript of UP9C. The entire cassette (1.5 kb) was then inserted into the HindIII site of plant vector pGreenII0029 (Hellens et al., 2000) . The resulting plasmid, pAB3, also has the nptII gene present within the T-DNA (kanamycin selection marker). To obtain the N-terminal fusion of UP9C to the fluorescent tag EYFP (UP9C-EYFP), a fragment of about 350 bp containing the coding region of UP9C lacking the stop codon amplified by PCR using attB-tailed gene-specific primers was cloned into pDONR221 (Gateway â Technology, Invitrogen). In the next step, the fragment was re-cloned into the plant binary vector pH7YWG2 (Karimi et al., 2005) . The resulting plasmid, pUP9C-EYFP, contains the UP9C-EYFP sequence under the control of the CaMV 35S promoter and terminator, and the hygromycin selection marker within the T-DNA. The pJKU1 plasmid, used for the yeast two-hybrid experiment, was obtained after cloning of the appropriate PCR product (0.35 kb) into the PstI/ EcoRI sites of the pGBT9 vector (Clontech).
RT-PCR Analysis
Total plant RNA was used as a template for synthesis of the first-strand cDNA. The 20-ll RT reaction contained 5 lg RNA, 2 pmoles of specific reverse primer or oligo(dT) primers, 1 mM dNTP Mix, 20 units RiboLockä Ribonuclease Inhibitor, and 1 ll of the RevertAidä H Minus M-MuLV Reverse Transcriptase (MBI Fermentas) in the buffer supplied by the manufacturer. The RNA and primers were preheated to 70°C for 5 min and chilled on ice before adding the 53 reaction buffer for Reverse Transcriptase, dNTP Mix, Ribonuclease inhibitor, and RNase-free water to 19 ll. Then, the mixture was incubated for 5 min at 37°C. Next, the reverse transcriptase was added and the RT reaction was incubated for 1 h at 42°C. The reverse transcription was stopped by heating for 10 min at 70°C. The reaction mixture was diluted (usually 20 or 100 times) and 1 ll of the diluted reaction mixture was then used for the PCR with the specific primers designed for selected cDNAs (Table 2) . A variable number (25-35) of cycles (30 s denaturation at 94°C, 30 s annealing at 50°C, and 1 min extension at 72°C) were then performed for semiquantitative RT-PCR (sqRT-PCR) . Actin (Tac9) cDNA amplification using the same temperature profile for 25-30 cycles (dependent on the dilution of the first-strand cDNA) served as the internal control. DNA samples were separated by electrophoresis on 1% agarose gels, and the images of ethidium-bromide-stained bands were obtained with a BioRad Imaging System. For real-time PCR (qRT-PCR), the first-strand cDNA synthesis was the same as for sqRT-PCR, with one exception-oligo(dT) primers (Invitrogen) were used instead of a specific primer. The reactions were performed in an iQ5 thermocycler (BioRad). The pairs of primers used in qRT-PCR reactions are listed in Table 2 . Each experiment was performed at least twice in triplicate using two independently isolated RNA templates. The primers were designed to have similar annealing temperatures of about 50-53°C; the efficiency of the primers was analyzed before main experiments in a temperature gradient range from 49 to 55°C (a typical cycle: 15 s denaturation at 94°C, 15 s annealing at 52°C, and 15 s extension at 72°C). Tac9 and UBQ2 were used as internal controls.
Plant Culture Media
The MS medium used for plant cultivation in sterile (in vitro) conditions was prepared according to the Murashige and Skoog protocol (Murashige and Skoog, 1962 ) using concentrated components from Sigma macro-and micro-elements (103 conc.), MS Vitamins (10003 conc.), 3% sucrose; for solid media, 0.8 g of agar (Difco Oxoid) per 100 ml was added and the pH was adjusted to 5.8 with 1 M KOH. Media were autoclaved for 15 min at 121°C. For tobacco hydroponic culture, the AB medium devised in our laboratory was used .
Plant Material, Growth Conditions, and Genetic Transformation
Transgenic UP9C-EYFP (overexpressing UP9C-EGFP fusion) and AB3 lines (overexpressing UP9C in antisense orientation) used in this study were derivative of Nicotiana tabacum cv. LA Burley 21 (Legg et al., 1970) . Agrobacterium-mediated genetic transformation of 3-week-old tobacco seedlings was performed as previously described (Wawrzynski et al., 2006) . Seeds of the self-pollinated primary tobacco transformants (T 0 ) with confirmed expression of the transgenes were collected and used for the subsequent experiments. Surface-sterilized seeds of AB3 lines from T1 generation were germinated in vitro at 23°C with a photoperiod of 18 h light/6 h dark on solid MS plates (with addition of 100-200 lg ml À1 kanamycin for the transgenic lines). Three-week-old plantlets were transferred to the AB liquid medium and cultivated hydroponically in a growth chamber (16 h light, 22°C/ 8 h darkness, 18°C), with weekly changes of the medium. Two-month-old plants were divided into two groups. The control group was transferred to the optimal medium (AB) while the other was transferred to the sulfur-free medium (AB-S) containing 1 mM MgCl 2 instead of 1 mM MgSO 4 . Unless specified otherwise, after 2 d, five plants from each group were harvested and fractionated into four parts, namely young developing leaves, mature leaves, stems and roots, which were then pooled. Tobacco UP9C-EGFP seedlings of T1 were grown in vitro for 3-4 weeks in liquid half-strength MS medium with 50 lg ml À1 hygromycin with a constant rotation (240 rpm) at 22°C with a photoperiod of 18 h light/6 h dark.
Assay of Non-Protein Thiols and Chemical Elements
The total amount of both reduced and oxidized forms of glutathione was determined by the high-performance liquid chromatography (HPLC) method after subsequent extraction, reduction, and derivatization as described by Williams et al. (2002) . The amount of reduced thiol groups present in the low-molecular weight compounds was measured as previously described (Wawrzynski et al., 2006) according to the modified Ellman's test (Ellman, 1959) . For quantification of chemical elements, dried plant material was homogenized and, for each sample, 35-70 mg were processed and elemental contents analyzed by inductively coupled plasma optical emission spectroscopy using an IRIS Advantage Duo ER/S (Thermo Jarrell Ash) as described previously (Becher et al., 2004) .
Analysis of Circular Dichroism Spectrum
The recombinant UP9C protein with the His-tag at the Nterminus was overproduced in Escherichia coli DH5a. The His-tag was removed by digestion with thrombin (Amersham Biosciences, Vienna, Austria) and the recombinant UP9C protein was refolded in non-denaturing conditions. All measurements were carried out in a 1-mm path-length cell at 298 K in 10 mM TRIS buffer with 5% glycerol and 100 mM NaCl, pH 7.0. Circular dichroism spectra were recorded using an Aviv-202 CD spectrometer equipped with a HP 89100A temperature control unit. The concentration of protein was determined with a Biospectrometer (Eppendorf) using a 6970 molar extinction coefficient calculated by the PROTPARAM program (www. expasy.ch/tools/protparam.html). The spectrum was deconvoluted to the contribution from different secondary structure forms by the K2d program (Andrade et al., 1993) .
Yeast Two-Hybrid Experiment
The experiment with the cDNA library from N. tabacum plants grown for 2 d in S-deficient medium was prepared using the BD Machmaker Library Construction Kit (BD-BiosciencesClontech, Mountain View, CA, USA) as recommended by the manufacturer. The pJKU1 plasmid was used as a bait. The number of analyzed transformants was approximately 2 3 10 5 . The positive prey clones, after retransformation, were confirmed for their ability to activate the three reporter genes, HIS3, ADE2, and lacZ, when co-transforming yeasts with a plasmid containing the coding region of UP9C fused to the DNA fragment encoding the binding domain of GAL4 as bait.
Confocal Microscopy Analysis of Protein Localization
Three to four-week-old seedlings were used in experiment without fixing, stained with DAPI (1 lg ml À1 , infiltrated with syringe, after 7 s washed three times, 5 min each with 10 ml dH 2 O) and visualized using an Eclipse TE2000-E (Nikon) confocal microscope. For the negative control, the seedlings of the wild-type plants were used. The seedlings containing an unfused EGFP construct were analyzed as positive controls. Data for negative and positive control are not shown.
Metabolite Analysis by GC-MS
Material extraction, derivatization, and metabolite analysis were performed as described earlier (Nikiforova et al., 2005) . For each group, five samples were independently prepared from the mature leaves combined from five plants.
Groups of parental plants were grown in duplicate. Thus, data for the AB3 lines are from five measurements of the independently extracted samples, while data for the control line are from 10 measurements of the independently extracted samples (five for each of the two combined sets of the material from five plants).
Statistical Analysis of Metabolite Data
Data analysis was performed using Statistica 6.0 (StatSoft Polska Sp. z o.o., Poland). When the ratio of the means of two groups of plants was compared, the t-test was used to evaluate the significance of the results. The principal component analysis (PCA) was implemented by using the covariance matrix of the normalized data.
Other In Silico Analysis and Accession Numbers
Similarity searches were performed with BLASTP at NCBI (www.ncbi.nlm.nih.gov/BLAST/) or with BLASTN using the TGI Database of plant EST at DFCI (http://compbio.dfci.harvard .edu/tgi/plant.html). Translation of nucleotide sequences was generated at EMBL-EBI (www.ebi.ac.uk/services/index.html). Multiple sequence alignment was generated by MAFFT using theE-INS-i strategy(http://align.bmr.kyushu-u.ac.jp/mafft/online /server/) (Katoh et al., 2005) . The following programs were accessed through the ExPASy Proteomic Server (www.expasy.ch/): GOR4 (Combet et al., 2000) for secondary structure prediction, MULTICOIL (Wolf et al., 1997) for predicting the coiled coil regions, PSORT (Horton and Nakai, 1997) for predicting the localization, SMART (Letunic et al., 2004) and MOTIFSCAN (Falquet et al., 2002) for identification of the protein domains and patterns. The expression of A. thaliana genes was checked using the GENEVESTIGATOR program (Zimmermann et al., 2004) 
